ABSTRACT: The effect of major pigments on the absorption characteristics of phytoplankton were evaluated by comparing the in vjvo absorption spectra of phytoplankton with pigment data obtained using high-performance liqu~d chromatography (HPLC) for samples of phytoplankton collected in the northwestern Atlantic Ocean, during spring. Four groups of spectra having distinct absorption characteristics and well-defined regional distributions were identified. The result of using general parameters to estimate the absorption coefficient of phytoplankton from any region, the 'general approach', was compared with the result of using specific parameters for each region, or the 'regional approach' Two methods of estlrnating the absorption coefficient were tested for each approach. These were: a 'slnglepigment' method (Prieur & Sathyendranath 1981, Limnol Oceanogr 26:671-689), and a 'multi-pigment' method (Hoepffner & Sathyendranath 1991, Mar Ecol Prog Ser 73:ll-23). It was shown that the regional approach performed better (<10% average error) than the general approach (~2 0 % average error). Nevertheless, the results given by the general approach could be acceptable for some applications. The multi-pigment and the single-pigment methods performed equally well in the context of the reglonal approach, whereas in the general approach, the s~ngle-pigment method gave better results than the multi-pigment method. Overall, it appears that part~tioning the oceans into regions according to their absorption characteristics should improve regional models of light transmission and the algorithms for detection of pigments by remote sensing.
INTRODUCTION
Estimation of global oceanic primary production is an important goal in biological oceanography today, and it is recognized that models of primary production based on the use of phytoplankton biomass retrieved by remote sensing can be useful in addressing this problem (Smith et al. 1982 , Platt & Herman 1983 , Eppley et al. 1985 , Platt 1986 , Platt et al. 1990 , Morel 1991 . In computations of primary production based on remotely sensed data, phytoplankton absorption plays an important role: first of all, it is a component of ocean-colour models used in algorithms for biomass retrieval (Gordon & Morel 1983 , Sathyendranath & Morel 1983 Inter-Research 1996
Resale of full arhcle not pennittea 1989a), secondly, it modifies light transmission underwater (Morel 1978 , 1988 , Sathyendranath & Platt 1989b , and finally, it can modify the photosynthetic response of phytoplankton to available light through its effect on photosynthetic efficiency at low light (Smith et al. 1982 , Ki.efer & Mitchell 1983 , Bidigare et al. 1987 . Furthermore, knowledge of the absorption coefficient of phytoplankton is essential in studies of the biological contribution to the photon budget (Platt et al. 1984 , Smith et al. 1989 , thermal structure (Lewis et al. 1983 , Lewis 1987 ) and mixed-layer dynamics .
A commonly used set of parameters in the estimation of primary production in the ocean comprises: the photosyntnetic eiiiciency at iow iignt normailsea to biomass, aB [mg C (mg chl a ) -' h-' (W (see Appendix 1 for list of symbols and definitions); the maximum production at high light normalised to biomass, P i [mg C (mg chl a)-' h-']; and the diffuse attenuation coefficient of down\velling light, .K&) (m-'), at each wavelength ( h ) Spatial and temporal variations have been observed in the values of rxR and Pi , Platt et al. 1992 . To a.ccount for the variations in these parameters, have proposed partitioning the ocean into biogeochemical provinces, within which the physiological parameters may be assumed to be quasistable for each season. In addition, however, it would be useful to have a similar classification for large-scale variat~ons in phytoplankton-dependent optical properties such as phytoplankton absorption normalised to biomass, or biomass-specific Kd(h).
The shape of the absorption spectrum of a phytoplankton population is determined mainly by its pigment composition and by the flattening effect of particles in suspension (Duysens 1956 , Kirk 1983 , Sathyendranath et al. 1987 . Changes in species composition and in physiological conditions affect the absorption properties of phytoplankton, and consequently Kd(h), since the latter depends on the absorption coefficient of phytoplankton, aph(h) (m-') (Kirk 1983 , Smith et al. 1989 ). In models of light transmission in the open oceans, however, aph(h) and Kd(h) are often calculated as simple functions of chl a concentration (More1 1978 , Smith & Baker 1978 , Platt et al. 1994 , and do not explicitly account for changes in phytoplankton population.
Several new methods have been proposed to estimate the absorption coefficient of phytoplankton based on the concentrations of all major pigments instead of just chl a (Bidigare et al. 1987 , Bidigare et al. 1989 , Bidigare et al. 1990 . Hoepffner & Sathyendranath 1991 . These 'multi-pigment' methods account for variations in pigment composition, although they do not necessarily account for the flattening effect. Implementation of multi-pigment methods requires knowledge of the concentrations of all of the major accessory pigments in addition to that of chl a.
In view of the essential role of a,&) for the estimation of light penetration and primary production in the ocean, it is important to separate any systematic trends in aPh(h) from random variations, and to determine if they are associated with changes in geographical location and/or season. It is also important to examine the relative merits of the different methods of estimating aph(h). With these objectives, the absorption characteristics and pigment composition of phytoplankton were studied during a spring cruise in the northwestern Atlantic.
The study covered an extensive area, which provided an opportunity for evaluating the variability in the absorption characteristics of phytoplankton over large spatial scales. We present here the results of an attempt to identify regions with similar absorption characteristics. Two different approaches to estimate the absorption coefficient of phytoplankton are compared: a 'general approach' in which it is assumed that the relationship between the absorption spectra of phytoplankton and the pigment concentrations does not vary significantly with geographical location; and a 'regional approach' which recognises systematic differences in the absorption characteristics of phytoplankton from different regions. In the regional approach, the absorption spectra are calculated using parameters specific for each region, whereas in the general approach a single set of general parameters is used to estimate the shape and magnitude of the absorption spectra of all the samples. Two methods of estimating the absorption coefficient are tested for each approach: (1) a 'single-pigment' method based on the use of a fixed shape of the spectrum which is scaled according to the concentration of chl a (Prieur & Sathyendranath 1981) ; and (2) a 'multi-pigment' method based on the use of the relationship between the concentrations of major pigments (chlorophylls a, b, c and carotenoids) and absorption at different wavelengths (Hoepffner & Sathyendranath 1991) .
MATERIALS AND METHODS
Sampling. Samples were collected aboard the CSS 'Hud.sont, during a WOCE (World Ocean Circulation Experiment) cruise in April-May 1991, in the northwestern Atlantic. Samples for the determination of phytoplankton pigments and in vivo absorption were taken at standard oceanographic depths (1, 10, 20, 30, 40, 50, 75 , and 100 m) from 8 1 Niskin bottles attached to a rosette sampler. Seawater (0.25 to 1.0 1) was filtered onto GF/F (2.5 cm diameter) filters and stored in liquid nitrogen for later analysis of pigment content. For the in vivo absorption measurement, samples of 1 1 of seawater were filtered through GF/F filters and frozen at -20°C.
Pigment analysis. Pigments were analysed following the method described by Head & Horne (1993). The HPLC (high-performance llquid chromatography) method was not able to separate zeaxanthin from lutein, i.e. they have the same retention time. But there is evidence suggesting that zeaxanthin dominates over lutein in the ocean (Eventt et al. 1990 ). Therefore, we assumed that all the absorption at that particular retention time was due to zeaxanthin; however, these values should be interpreted with caution. Divinyl-chl a and divinyl-chl b were identified by the presence of the corresponding divinyl-phaeophytins, after acidifying and running the samp1.e~ a second time. It has been observed that substantial degradation of phytoplankton pigments can occur in certain species of diatoms (with high chlorophyllase activity) within a few minutes after filtration (Stramski 1990) . However, HPLC analysis showed very low concentrations of chlorophyllide a (ratio chlorophyllide a : chl a ~0 . 2 , with only 14 among 279 samples having a ratio >0.1), which is a degradation product produced by the action of the chlorophyllase enzyme.
In vivo absorption. The in vivo absorption spectra of total particulate matter were measured on GF/F glassfiber filters (Yentsch 1962 , Kiefer & SooHoo 1982 , Mitchell & Kiefer 1984 , Kishino et al. 1985 ) using a Beckman DU-64 spectrophotometer. Frozen filters were allowed to thaw prior to the measurements In our study, samples for absorption measurement and for pigment analysis were handled in the same way with the only difference being that samples for HPLC were stored at -70°C and samples for absorption were stored at -20°C. To investigate the possibility of pigment degradation in the samples stored at -20°C, the pigment composition of replicates (one stored at -20°C and the other at -70°C) of a sample from a station where diatoms were predominant (Stn 6) were compared. This comparison showed <8% difference in the concentration of all the pigments present in the sample. Therefore, even though we cannot be sure that there was no pigment degradation in the samples preserved at -20°C, there is no evidence that major degradation had occurred.
The filters were placed in a special sample holder close to the photomultiplier to avoid loss of forwardscattered llght (Mitchell & K~efer 1984) . The filters were wetted with filtered seawater before reading, and a new filter, also wetted with seawater, was used as a blank. The optical density or absorbance (D) was recorded between 350 and 750 nm. The value measured at 750 nm was subtracted from the rest of the spectrum, assuming that this optical density was due to non-pigmented substances and that its effect was spectrally neutral (Sathyendranath et al. 1987 , Bricaud & Stramski 1990 .
The absorption coefficient of particles on the filter, a,,(A) (m-'), was obtained as.
where Xis the height in meters of the water column filtered, given by V/S, where Vis volume of seawater filtered (m3) and S is filtering area of the filter (m2); and 2.3 is the conversion factor for transforming decimal logarithms to natural logarithms. ~l l e va1ut.s 01 a v a u l p u u l r c u c l l l c i c l l r (E-') ZC;S;;~S;! on filters were corrected for the pathlength ampllfication factor, 0 (Butler 1962 , Kiefer & SooHoo 1982 , which is defined as the ratio of the optical thickness of a diffusing material to its geometric thickness; i.e. P represents the amplification of the path of light through the glass fiber filter due to multiple scattering. To correct for the pathlength amplification the following quadratic equation proposed by Hoepffner & Sathyendranath (1992) based on uni-algal cultures was used:
where a,,(?\) is the absorption coefficient of particles in suspension. This is very similar to the equation more recently proposed by Cleveland & Weidemann (1993) which was also derived from culture work and for which they reported characteristic errors <2'% in the value of a,,(h), and a maximum of 20% for a single sample in the yellow wavelengths.
Corrections were made for detrital absorption using the theoretical approach proposed by Hoepffner & Sathyendranath (1993) , which assumes an exponential shape for detrital absorption (Roesler et al. 1989 , Bricaud & Stramski 1990 ). According to this method, the total absorption by particles can be defined as:
where the first term on the right-hand side represents absorption by phytoplankton, and the second term that by detritus. Here, the absorption from particles, a,,(h), is known from measurements; the absorption coefficient of phytoplankton normalised to 440 nm, a'ph(h), was taken from Hoepffner & Sathyendranath (1993); a n d the values of absorption by phytoplankton a n d detritus at 440 nm, ap,(440) a n d ad(440) respectively, and the exponent q, were obtained by non-linear regression. Finally, the absorption coefficient of phytoplankton was obtained by subtracting the estimated absorption of detritus from the measured particle absorption according to:
The values of aPh(h) estimated in this way are referred to as 'observed values of aph(h)' in the rest of the text.
Hoepffner & Sathyendranath (1993) have shown that even small errors in the estimation of aPh(440) by nonlinear regression may induce high errors (up to a factor of 3) in the estimation of a,(440), in cases where the absorption by detritus is several times less than the absorption by phytoplankton. However, the error in the detritus absorption values will not introduce a severe problem in the estimation of the absorption of phytoplankton, since typically, a,,(&) values are much smaller than a,,(h) values.
The absorption spectra of phytoplankton were de- chl a , chl b, chl c (the sum of chlorophylls c, + c2 and c>), and carotenoids (i.e. the sum of the concentrations The ratios of the predominant accessory pigments to of all the carotenoids found in the sample). Each chl a in each group are depicted in Fig 3. These pigGaussian band is defined by the wavelength of the ment ratios were found to be significantly different band center, h,, the haifwidth of the band, W,, and the between groups (at p 6 0.0001) using a Kruskal-Wallis peak height of the band, p, (h,) . The curve-fltting prol-way analysis of variance on ranks. The pigment comgram used was the same as that used by Hoepffner & position was used to characterize th.e phytoplankton . We also used the initial values composition of the groups (Gieskes et al. 1988 , and of the centers and the halfwidths of the bands given by review by Wright et al. 1991) . Notice that some of the Hoepffner & Sathyendranath (1991) (see their Table 4) . pigments used as markers are not exclusive to one The initial guesses for the heights of the bands were group of algae (Rowan 1989 , Wright et al. 1991 , Johnadjusted according to the magnitude of the absorption sen et al. 1994a) and since no identification of phytospectra Then, from the output, the average values of plankton species by rnicroscopy was made, all the refthe band centers and halfwldths were computed for erences to algal groups in this study should be taken as application in the 'general approach' and the 'regional the most probable but not as the definitive or the only approach' (see Table 4 ).
possible composition of the phytoplankton assemblages. Divinyl-chl a and b were detected mainly in Group C (ratio divinyl-chl a : chl a -0.1 to 0.7) and in DATA ANALYSIS AND RESULTS minor concentrations at 2 stati.ons (Stns 45 and 52) of Group B (ratio divinyl-chl a :chl a ~0 . 1 5 ) . in all the Identification of groups with similar absorption cases the values of chl a considered for the analysis characteristics represent the sum of normal chl a and divinyl-chl a;
similarly, the chl b concentrations used represent the The identification of groups of similar absorption sum of normal chl b and divinyl-chl b. Since divinylcharacteristlcs was made according to the shape of chlorophylls were present almost exclusively in Group the absorption spectra: First, the corrected phyto-C, no special treatment was carried out to distinguish plankton absorption spectrum of each sample was between normal and divlnyl-chloroph.ylls during th.e normalised to 1 at 440 nm. Then, the samples were calculation of specific peak heights, or absorption coefgrouped according to the shape of their absorption ficients. Thus, the specific coefficients of chlorophylls spectra, based on a visual inspection, and the average for Group C represent the effect of the mixture of the 2 spectrum of each group was computed. The mean types: normal and divinyl-chlorophylls. It is also worth spectra for each group were compared, and groups mentioning that, since the determination of phycowith similar mean spectra were then recombined into bilins was not possible with the HPLC analysis used, a single group, resulting in a final set of 4 groups wi.th absorption at any wavelength by these pigments, if distinct absorption characteristics (Fig 1) . In the stapresent, would be attributed to other pigments absorbtions showing a high degree of stratification, the absorption spectra from depths below the thermocline usually showed very
I
low values of absorption (close to or below the limit of detection of the spectrophotometer), and therefore they were not considered in the analysis. This might have con-0.8 tributed to the fact that all the samples from a station fell into the same group. The geographical distribution of the groups is
shown in Flg. 2. The difference arnony
R-
groups was tested at a set of selected wave-C ' 0.4 -lengths (412, 490, 555, and 670 nm; 443 was excluded because of the normalisation at 440 nm) that will be monitored by the oceancolour satellite SeaWiFS, to be launched by NASA (Hooker et al. 2992) . At these wave-400 500 600 700 lengths the relative absorption values from th.e 4 groups were found to be significantly WAVELENGTH (nm) different (at p O.OOO1) using a l -w a~ aria- ing at the same wavelengths (-480 to 600 nm). Phycobilins are present in the phytoplanktonic groups cyanophytes and cryptophytes. The concentration of cryptophytes in these samples may be negligible since the concentrations of alloxanthin (a characteristic pigment of cryptophytes) was always low (ratio alloxanthin:chl a <0.13. being -0.1 in only 4 out of 279 samples and <0.07 in the rest). On the other hand, the concentration of zeaxanthin (a pigment characteristic of cyanophytes) was high only in Group C (see Fig 3) , and this pigment can also be linked to the presence of prochlorophytes. Therefore, the effect of phycobihns, if any, was probably confined to Group C. For each group, 25% of the samples, selected randomly, were kept aside to b e used later for testing the methods. The remaining samples were used to calculate the parameters required to estimate the absorption coefficient of phytoplankton using the different methods.
Calculation of absorption parameters
Although a linear function could, to some extent, fit the relationship between absorption and pigment concentration (Lutz 1994) , it was found that a non-linear function gave a better representation of that relationship. Several non-linear functions have been used in the past to describe the relationship between absorption coefficient at a given wavelength and the corresponding pigment concentration: (1989) , and More1 (1991) used a power function of the form:
with 6 and K as the 2 fitted parameters, and C as the pigment concentration. Cleveland (1995) suggested the use of another equation:
where 4 and w are the 2 parameters of the secondorder polynomial with zero intercept; and Sathyendranath proposed using the equation for a rectangular hyperbola (of the form commonly used to describe Michaelis-Menten type kinetics): which also required 2 parameters (y and E ) .
To choose among these, each one of these functions
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and chl a from all the samples) (Fig. 4 ) . All the functions fitted the data equally well; therefore, tve use additional criteria in the selection process. For all these functions, the slope of the curves approaches a maximum at the origin. The slope defines the rate of change of absorption per unit change in pigment, or, in other words, the specific absorption coefficient. Since the maximum value of the specific absorption coefficient is of general interest, w e examined the slope near the origin [or each of the functions. For example, we can rearrange E q . (7) in such a way that the slope at the origin appears explicitly In the equation:
a , aLC a,h(w = a,,, + a',C where we have replaced y /~ with a',, the initial slope near the origin of the absorption versus pigment concentration curve (maximum specific absorption coefficient), and y with a,, the asymptotic maximum value of aPh. Both the polynomial and the rectangular hyperbola functions have well-defined initial slopes. On the other hand, for the power function, this value approaches infinity at the origin, which is not a desirable quality. Therefore w e abandoned the use of the power function. We next examined how the functions behaved when the results were extrapolated towards iugher values. Fig 5 shows that none of the curves performs ideally: the slope d the rectangular hyperbola curve (amph) approaches zero (as absorption approaches -0.28 m-') asymptotically, whereas the slope of the second-order polynomial decreases very rapidly and becomes negative above a threshold value of concentration. This effect i s seen more clearly if w e plot in aTPh normalised to a*,,,, as a function of C (Fig 6) . This quantity changes rapidly for the secondorder polynomial, with the slope becoming negative at C = 5 my m-" while for the rectangular hyperbola function the changes are more gradual, reaching zero asymptotically at C > 20 mg m-3 Both of these curves are purely empirical, and they are meant to be applied only within the range of values for which they were established. Should a requirement for extrapolation arise, however, the rectangular hyperbola function would perform better than the polynomial function. Therefore the rectangular hyperbola function was used in this paper to describe the empirical relationship between absorption and pigment concentrations. The phytoplankton absorption at 440 nm was pal-ameterised as a function of chl a concentration (C) using Eq. (8), with ?L = 440 nm. These parameters were obtained by fitting Eq. (8) to a set of a,,h(440) and C, using the Marquardt-Levenberg method (Sigmaplot for Windows 1.02, Jandel Scientific). This procedure was followed for the 'general approach' (Flg. 4 , Table 1 ; all the data combined), and for the 'regional approach' (Fig. 7, Table 1 ; each group treated separately).
'Multi-pigment' method
The peak height [p, (A,) ] at the wavelength of the center of the ith Gaussian band was parameterised as a function of its corresponding pigment concentration (C,) as follows:
where p',,(i) (maxlmum specific peak height) and pm(i) are the parameters that define the relationship between peak height and pigment concentration for the ith Gaussian curve. These parameters were also computed for the 'general approach' (Fig. 8, Table 2 ; all the samples combined), and for the 'regional approach' (Fig. 9, Table 3 ; each group treated separately). At some wavelengths the data set was not ex- tensive enough to compute the value of maximum absorption p,,(i) with reasonable accuracy, and therefore only p',(i) could be determined.
Evaluation of the methods
The performance of the methods used in both the 'general' and the 'regional' approaches was tested by reconstructing the absorption spectra of the samples not used to establish the methods, and by c.omparing the results of the reconstructed spectra with the observations, as described below. 'Multi-pigment' method
The reconstruction by the 'multi-pigment' method was carried out as described in Hoepffner & Sathyendranath (1991) , by adding all the 13 Gaussian bands, according to:
The values of the halfwidths, W, (nm), and centers, h, (nm), of the bands were the calculated average values for the 'general approach' or the 'regional approach' (Table 4) ; the peak heights of each band, pi(h,) (m-'), were estimated from the corresponding parameters pl,,(i) and p',(i) (Tables 3 & 4 ) .
Comparison with independent observations
To evaluate how well the different methods of reconstruction reproduce the shape of the absorption spectrum of phytoplankton, the relative errors in the reconstructed spectra (the difference between observed and calculated val.ues scaled to the observed value) were computed. The spectrally resolved average relative errors and the standard errors of the averages are presented for each method used in the 2 approaches (Fig 10) ; errors from 700 nm towards the infrared are not considered since absorption by pigments is negligible at those wavelengths.
The correlation between the observed absorption coefficients and the calculated absorption coefficients Table 3 Results for the 'regional approach', 'multi-pigment' method. Values of the parameters pm1,,(i) Im-' (mg pigment m-3)-'] and pm(]) (m-') for the rectangular hyperbola equation (Eq. 9) used to pardlllcterise the peak heights using the pigment concentrations which correspond to each band. 135: 197-213, 1996 Table4. Centers (nm) and halfwidths (nm) of the 13 Gaussian bands corresponding to all the data pooled together and to each of the individual groups Results are shown in Fig. 11 and Table 5 .
DISCUSSION Separation into regions with similar absorption characteristics
For the 4 groups ( Fig. 1 ) the variability in the shape of the absorption spectra was most pronounced between 450 and 550 nm. This is the region where the accessory chlorophylls and carotenoids have their maximum absorptions. So the changes in the composition of accessory pigments should affect this region more than anywhere else. These differences were, however, quite small, compared with the d~fferences in the specific absorption of phytoplankton, as will be seen later.
Even though the classification into groups was based purely on the shape of the absorption spectra, the corresponding HPLC data brought to light the underlying differences in species composition (Fig. 3) .
Thus, Group A included samples from coastal areas which had low near-surface temperatures (-0 to 3OC). The maln carotenoid in all samples from this group was fucoxanthin, which suggests that the phytoplankton communities were dominated by diatoms. However, fucoxanthin is also found in prymnesiophytes, chrysophytes a.nd raphidophytes (Rowan 1989 , Johnsen et al. 1994a , therefore the presence of any of these groups cannot be ruled out.
Group B corresponded to open-ocean samples which had high near-surface temperatures (-15 to 20°C, with the exception of stations in the Labrador 
OBSERVED a,,,,(h) (m-')
Sea and in the Greenland Current where temperatures were -4°C) and lower concentrations of nitrate and chl a than areas corresponding to Group A. The main carotenoid in Group B was 19'-hexanoyloxyfucoxanthin, which indicated that prymnesiophytes were the predominant phytoplankton. Prymnesiophytes can be divided into 2 groups: those that possess chlorophyll c3 and those that do not (e.g. Isochrysis galbana). This affects the absorption characteristics of the algae (Johnsen et al. 1994a ), but a distinction as fine as this was not attempted in this study. Group C also contained samples from oligotrophic waters, but these samples were characterized by high concentrations of zeaxanthin along with 19'-hexanoyloxyfucoxanthin. Zeaxanthin is found in prochlorophytes, cyanophytes and chlorophytes. Divinyl-chl a and divinyl-chl b, which are pigments specific to prochlorophytes (Chisholm et al. 1992 ), were also detected in these samples. Therefore, we can be sure that prochlorophytes were present in Group C, although cyanophytes and prymnesiophytes may have been present as well.
Group D represents a small number of samples from the open ocean located In, or close to, areas of higher nitrate concentrations (Stns 40, 78, 79) . In this group fucoxanthin was the main carotenoid. Its location in the open ocean and the relatively low concentrations of silicates at these stations might indicate the presence of prymnesiophytes. The prymnesiophyte Phaeocystis sp., showing high concentrations of fucoxanthin, Table 5 . Correlations between observed and calculated absorption for the different methods tested, a t the wavelengths to be monitored by the SeaWiFS satellite (Dietrich 1965 . Lazier 1973 . where spring blooms of Phaeocystis sp. have been reported by other authors (Wassman et al. 1990 , Smith 1993 . These previous, and later (WOCE cruise 1994 unpubl. data) , studies in the area support the idea that the presence of Phaeocystis sp, is a characterlstic feature of the spring bloom in the Polar Front reglon. Since no microscopic identifications were made however, the presence of diatoms or other prymnesiophytes having a high fucoxanthin to chl a ratio cannot be excluded.
Therefore, we will refer to Group D as consisting of some prymnesiophytes or diatoms, while bearing in mind that these popu1ation.s had several characteristics which distingu~shed them from both Group A (predominantly diatoms) and Group B (predominantly prymnesiophytes). A similar study of phytoplankton absorption characteristics in the Gulf of Maine and Georges Bank (Hoepffner & Sathyendranath 1992 ) also showed clear regional differences in shape and amplitude of the specific absorption spectra. Studies on phytoplankton distribution and taxonomic composition have been carried out in the northeastern coastal waters of the United States over a period of 9 yr (reviews in Marshal1 & Cohn 1983, Matta & Marshal1 1984). Some characteristics of the distribution of phytoplankton have emerged from these studies, such as the abundance of diatoms close to coastal areas and prymnesiophytes in the open ocean. Samples taken in 1992 from an autumn cruise in the North Atlantic along a transect passing near our Stn 3 and between our Stns 49 and 52 (Head unpubl. data) had pigment compositions similar to those reported here for the spring season. For example, samples taken close to Stn 3 (Group A) showed high concentrations of fucoxanthin; and samples taken close to Stns 49 and 52 (Group C) showed high concentrations of 19'-hexanoyloxyfucoxanthin and zeaxanthin, together with both divinyl-chl a and divinylchl b. On the oth.er hand, in samples collected during sprlng of 2990 (Head & Horne 1993), close to Stn 49 (Group C), the main carotenoid was fucoxanthin, which was probably associated with the prymnesiophyte Phaeocystis sp.
The results of the studies carried out by Marshal1 & Cohn (1983) and Matta & Marshal1 (1984) have demonstrated that year-to-year variations can be important, but that if this long-term variation is removed, seasonal and geographical patterns of distribution can also be detected. Thus, year-to-year variations (Matta & Marshall 1984) , as well as short-term variations, like those produced by the intrusion of water from other areas (Head & Horne 1993) , may affect the regional distribution of phytoplankton. The influence of these vanations on the pattern of distribution of phytoplankton parameters will be better understood when, more field data become available. On the whole, however, even if the regions of distinct absorption characteristics are subject to long-term and short-term variations, partitioning the ocean into regions where these parameters can be considered to be quasi-stable, taking into account the major trends in their distribution, will be an improvement on assuming general characteristics for the tvholc ocean.
Variability of the in vivo absorption coefficient 
Factors influencing the absorption coefficient
In principle, absorption of light by phytoplankton pigments follows Beer's Law, i.e. absorption increases linearly with pigment concentration. However, when dealing with in vivo absorption by phytoplankton cells, this linear relationship is affected by 2 additional factors: pigment composition and the flattening effect (Sathyendranath et al. 1987) . Since the total phytoplankton absorption at a given wavelength 1s the sum of the contributions from each of the pigments to absorption at that wavelength, changes in pigment composition will certainly affect the relationship between absorption and chl a concentration in the case of the 'single-pigment' method. and this effect cannot be completely ruled out in the case of the 'multi-pigment' method used here either. The flattening effect refers to the relative flattening of the absorption spectrum of partic1.e~ in suspension relative to that of the same material in solution (Duysens 1956) . It depends on the particle size and shape and on the concentration of the absorbing material within the cells. It is known that the specific absorption coefficients (absorption normalised to chl a concentration) decrease with cell-size and intracellular pigment concentrations (Morel & Bricaud 1981) . In fact, in the natural environment low chlorophyll concentrations are often associated with a predominance of small phytoplankton cells, and high chlorophyll concentrations with large cells (Yentsch & Phinney 1989) . As a consequence, the relationship between absorption and pigments is often non-linear (Prieur & Sathyendranath 1981 , Morel 1991 , Cleveland 1995 . Changes in cell-size will cause deviations from linearity in the relationship between absorption and pigment concentration regardless of whether the 'single-pigment' or the 'multi-pigment' method is used.
Probable cell-size distribution in this study As mentioned, the flattening effect is affected by cell-size (More1 & Bricaud 1981 , Sathyendranath et al. 1987 , Cleveland 1995 . Although cell-sizes were not measured in our study, a plausible ranking of cell-size among groups can be made based on the information about algal composition provided 'by the HPLC analysis (i.e. the most probable but not definitive algal composition) Group A (predominantly diatoms) should have the largest cells; then in decreasing order of cellsize would be Groups D (prymnesiophytes and/or diatoms) and B (predominantly prymnesiophytes); and finally, Group C (a mixture of prymnesiophytes, prochlorophytes and cyanophytes)
Variations in the absorption parameters in this study
In the rectangular hyperbola function used here, the parameter a', [or p',(i) ] is the initial slope of the curve depicting absorption as a function of pigment concentration, and represents the maximum specific absorption coefficient for that group of data. In principle, this maximum should approach the value of specific absorption in the absence of flattening effect, if indeed flattening effect decreases with ambient pigment concentrations.
For the case of the 'single-pigment' method ('regional approach'), an inverse relationship was found between the presumed cell-size distribution and the values of a', (Group C Group B < Group D < Group A; Table l), probably indicating residual influence of flattening effect. In the 'multi-pigment' method ('regional approach'), the values of p',(i) corresponding to the 2 absorption maxima of chl a in vivo (Gaussian bands i = 3 and l = 12) also show a n inverse relationship with the expected size distribution, with the values of p',,(3) and p',,(12) for Groups A and D being significantly lower than those of Groups B and C (Table 3) .
The values of pm,,(12), representing absorption by chl a at 674 nm, [ranging from 0.021 m-' (mg chl a m-')-' for Group A to 0.037 m-' (mg chl a m-3)-' for Group B] are higher than those previously reported for the in vivo specific coefficient of chl a at that wavelength [-0.020 m-' (mg chl a m-3)-'; Bricaud et al. 1983 , Bidigare et al. 1987 , 1990 , Hoepffner & Sathyendranath 1991 . These higher values of pa,(12) might arise from various causes: (1) the estimation of p,(i) depends on the low values of ab~n:ptlc:?, 2nd in ssme C S S~C , (~~~~~. i a l l y fnr Crniipq B and C, these values were close to the limit of detection of the spectrophotometer, which would increase the error in the estimates; (2) the absorption by pigments other than chl a may not have been completely corrected for by the method used here, although that possibility is minimum at 674 nm; and (3) finally, we should not underestimate the possibility that the high values of p',(j) represent real variability in the specific absorption coefficient of chl a in vivo compared with that in vitro. Johnsen et al. (1994b) , using chromoproteins isolated from dinoflagellates, estimated a n in vivo specific absorption coefficient of chl a at 675 nm of 0.027 m-' (mg chl a m-') ', and suggested that this value could vary with species and with the photoadaptational changes in. pigment composition.
With respect to the other major pigments, the values of p',,()) for chl c (i = 4 , 8 and 10) follow the same tendency as those of chl a, with the pS,,(i) values for Groups A and D being significantly lower than those of Groups B and C. On the other hand, this tendency is not seen in the pm,(i) values for chl b or carotenoids (Table 3 ) . Chl b concentrations were generally low, and the fits were consequently poor for this pigment (Figs. 8 & 9, Table 3 ) and therefore these values should be treated with caution. In the case of carotenoids (Table 3 , i = 6 and 7), the variability in the values of p',,(i) might be due to the fact that all the carotenoids are summed together, so that these differences could reflect changes in the composition of carotenoids. Furthermore, carotenoids from different cell types are packaged differently within protein complexes and chloroplasts. Finally, w e cannot discount the possibility of influence of phycobilins (-480 to 600 nm) which were not measured in these samples.
Comparison between different methods of estimating the absorption coefficient of phytoplankton
The use of the 'regional approach' resulted in low relative errors h) in the reconstruction of the absorption spectrum by both the 'multi-pigment' and the 'single-pigment' methods (Fig 10) . The distribution of relative errors was almost spectrally neutral, implying that the shape of the spectra was preserved, in the reconstruction. The performance of the 'single-pigment' method is comparable to that of the 'multi-pigment' method in the 'regional approach' and has the virtue of simplicity: the absorption coefficient of phytoplankton can be predicted knowing the relevant pai-ameters for each region and the chl a concentration alone, which can be estimated over large spatial scales hy I-smote sensing. Inverselv, prior knowledge of regional variations in the absorption characteristics could b e used to improve regional algorithins for pigment retrieval. On the other hand, the 'multi-pigment' method has the potential for accounting for the influence of specific pigments.
The performance of the 'general approach', using both the methods ('single-' and 'multi-pigment'), is slightly lower than that of the 'regional approach' (Fig 10) . In the case of the 'single-pigment' method the errors are low except in the region of minimum absorption (-20% at -550 nm) The high errors (-20%) associated with the 'multi-pigment' method in the bluegreen region of the spectrum can be explained mainly by the differences observed in the specific peak heights of chl b between groups (Table 3) , and consequent deterioration in fitting when all the data are pooled together (Fig. 8) .
The comparison between observed and calculated absorption coefficients at the 6 SeaWiFS wavelengths is good in general for all the methods (Fig 11, Table 5 ). However, as noticed in the spectral distribution of errors j.n the blue-green part of thc spectrum (490, 510 nm), the 'regional approach' (using both the 'multi-' and 'single-pigment' methods) performed better (i.e. slopes closer to 1; Table 5 ) than the 'general approach'. The maximum deviations from the 1:l slope were found with the 'general approach' implemented by the 'multi-pigment' method. These probably reflect the influence of the differences in specific peak heights for chl b among the different groups. In the case of the 'single-pigment' method the deviations from the 1:l slope (Table 5 ) may simply reflect the higher variability in the shape of the average absorption spectrum at those wavelengths (Fig. 1) .
Shape of the absorption spectra and specific absorption at 440 nm Except for the blue-green region of the spectrum, there are no major differences in the shape of the normalised absorption spectrum among the groups (Fig. 1) . On the other hand, the average normalised spectrum from all the samples combined shows significant differences in shape when compared with other average phytoplankton spectra from previous studies (Prieur & Sathyendranath 1981 , Hoepffner & Sathyendranath 1993 (Fig. 12) . There is also a significant difference between the relationship of absorption at 440 nm and chl a concentration in our data (a', = 0.07 and a,, = 0.48) compared with that given by Sathyendranath (a', = 0.06 and a, = 0.35). This may be due in part to differences in pigment composition among the samples used to derive those specific absorption coefficients, since th.e total absorption at 440 nm is influenced by absorption of m.ost of the accessory pigments. In addition, &ferences in the data base and in the techniques of data col.lection may also influence the results. Sathyendranath (1981) derived their absorption from in situ irradiance measurements, whereas our results and those of Hoepffner & Sathyendranath (1993) are based on the filter technique.
CONCLUSIONS
The absorption characteristics of phytoplankton in the northwestern Atlantic in early spring show a geographical pattern of distribution. Thus, using a 'regional approach' in either the 'multi-pigment' or the simple 'single-pigment' method gives a better representation (within 10% relative error) of the absorption coefficient of phytoplankton than the 'general approach'. The improved performance of the regional method reflects regional changes in species composition or physiological state of phytoplankton populations. The differences in the shapes of the absorption spectra between regions are small. On the other hand, the parameters which determine the magnitude of absorption for a given pigment concentration were more variable. Note, however, that the 'single-pigment' method in the context of the 'general approach' would still give acceptable results (within 20% relative error in the region of low absorption in the green, and lower errors elsewhere) for many applications.
T h s approach is a compromise between global studies (Garver et al. 1994 ) and specific studies on unialgal cultures or on photoadaptation in a particular location ( l e f e r et al. 1979 , SooHoo et al. 1986 , Sathyendranath et al. 1987 , Takahashi et al. 1989 , Bidigare et al. 1990 , Sosik & Mitchell 1991 , Johnsen et al. 1994a . On the whole, regional differences in optical characteristics of phytoplankton, though small, contain useful information, and could be used to improve remote-sensing algorithms.
